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5 speciation by organic colloids raise the possibility that the variations in REE patterns could be due to changes at the REE-HA binding sites. HA could enhance MREE or HREE solubility depending on the physico-chemical conditions. These changes could be themselves induced by the binding of metals that compete with REE for the same HA sites.
Despite the low solubility of Fe (hydr)oxides, high Fe concentrations can be found in organicrich waters, associated with organic colloids (Olivié-Lauquet et al. 1999; Allard et al. 2004; Pokrovsky et al., 2005; Pédrot et al., 2011) . Dissolved organic matter (DOM) inhibits the crystallization of Fe (hydr)oxides, forming both Fe nano-(hydr)oxides coated with DOM and Fe(III)-DOM complexes instead (e.g. Pédrot et al., 2011) . Therefore, Fe, like Al, is expected to strongly influence REE speciation in organic waters (Tanizaki et al., 1992; Tang and Johannesson, 2003; Lippold et al., 2007) . As shown by recent spectroscopic studies, Fe binds to HA as Fe polynuclear species under high Fe/HA conditions, whereas monomeric Fe-HA complexes are formed under low Fe/HA conditions (Vilgé-Ritter et al., 1999; Karlsson and Persson, 2010) . Using the Stockholm Humic Model (SHM), Gustafsson et al. (2007) satisfactorily simulated Fe binding to soil organic matter (SOM) and its competitive effects on various metals. However, in their modeling approach, Gustafsson and coworkers only took into account that Fe dimers can be bound to SOM tridentate sites. Model VI (Tipping, 1998 ), a specific model for metal binding by HA, only considers the binding of Fe 3+ and FeOH 2+ to HA, and not the possible binding of Fe polymers. Therefore, none of these models includes either the polynuclear Fe-HA complexes, recently highlighted by spectroscopic data, or the formation of Fe mononuclear complexes with HA.
This study aimed at assessing the competitive effects of Fe on REE binding to HA in order to (i) determine whether Fe can influence REE patterns in natural waters and (ii) to test the ability of the "REE probe" to identify the HA sites and mechanisms involved in the binding of Fe to HA. For this purpose, REE-Fe-HA binding experiments were performed using fourteen insu-00811470, version 1 -10 Apr 2013
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6 REE and Fe, over a pH range from 3 to 6. The experimental data were subsequently modeled using PHREEQC/Model VI. The speciation results for Fe were compared with recently published spectroscopic data to assess the consistency of the model. Finally, the REE patterns of a large set of natural organic-rich waters were compared with the results of the present study as well as our previous study dealing with Al-REE competition (Marsac et al., 2012) .
This comparison allowed us to determine whether dissolved metal competition might account for the REE pattern variability observed in natural, organic-rich waters.
Material and Methods

Experimental reagents
All chemicals used were of analytical grade. All experimental solutions were prepared with doubly-deionized water (Milli-Q system, Millipore). Synthetic REE and Fe solutions were prepared from a nitrate REE and Fe standard (10 mg L -1 , Accu Trace Reference Standard).
Polyethylene containers used to reach complexation equilibrium were all previously soaked in 10% Ultrapure HNO 3 for 48 h at 60°C, then rinsed with deionized water for 24 h at 60°C to remove all REE contamination sources. All experiments were performed at room temperature, i.e. 20°C  2.
Purified humic acid (HA) was obtained from synthetic Aldrich humic acid (Aldrich, H1, 675-2). The purification was performed using the Vermeer et al. (1998) protocol, except that a tangential ultrafiltration step was added to remove any possible HA molecules < 10 kDa using a Labscale TFF system equipped with a Pellicon XL membrane (PLCGC10, Millipore).
Humic acid was freeze-dried and stored in a glass container. Prior to use, purified HA was solubilized overnight in a solution of 0.01 M NaCl at pH = 10 to ensure complete dissolution (Vermeer et al., 1998) . The pH was adjusted to 3 in the HA suspensions using 0.1 M HCl.
The suspension was then filtered at 0.2 µm to remove any potential precipitate and to ensure insu-00811470, version 1 -10 Apr 2013
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7 that the same HA fraction was studied in all experiments. The dissolved organic carbon (DOC) concentration of the filtrates was then measured to assess the true HA concentration of the experimental suspensions.
Experimental set-up
The competition effects of Fe on the REE binding by HA were experimentally investigated using a standard batch equilibrium technique. [HA] = 6.7 mg L -1 of carbon (i.e. REE/HA = 2 10 -2 molREE/molC), and (iii) ionic strength equal to 0.01 M (NaCl). [REE] = 10 µM corresponds to 110µg L -1 of each REE, i.e. from 7.9 10 -7 M to 6.3 10 -7 M for La and Lu, respectively. From nitrate standards solutions, the fourteen REE and Fe were simultaneously added to 50 mL HA suspensions with 10 -2 M NaCl electrolyte solutions. The pH was varied from 3 to 6 because for pH> 6, REE are strongly bound to HA (>99%) and REE concentrations in fraction< 5 KDa could not be detected by ICP-MS.
The experimental solutions were stirred for 48 h to reach equilibrium according to the protocol defined by Pourret et al. (2007b) . The pH was regularly monitored with a combined Radiometer Red Rod electrode, calibrated with WTW standard solutions (pH 4 and 7). The accuracy of the pH measurements was ± 0.05 pH units. At equilibrium (48 h), 10 mL of the suspension were sampled and ultra-filtered at 5 kDa to separate the REE-HA and Fe-HA complexes from the remaining inorganic REE and Fe. Ultrafiltrations were carried out by centrifuging the solution aliquots through 15 mL centrifugal tubes equipped with permeable insu-00811470, version 1 -10 Apr 2013
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The REE complexation with HA is described using the apparent partition coefficient K d (in mL g -1 ), as follows:
insu-00811470, version 1 -10 Apr 2013
where Ln i = La to Lu, "tot" and "aq" refer to the total amount of the REE initially introduced and the aqueous REE in the filtrate (< 5kDa), respectively.
Solution analysis
Rare In practice, thanks to Tipping's (1998) work, cation stability constants are adjusted using two parameters, log K MA and log K MB , for the carboxylic and phenolic groups, respectively.
Another parameter (LK 2 ) is introduced to increase the cation stability constants with a fraction of the multidentate sites, by considering them as chelate ligands or ligands involving additional chemical groups, such as nitrogen containing groups. To accurately simulate REE-HA binding, Marsac et al. (2011) demonstrated that the LK 2 parameter had to be optimized independently for the carboxylic (LK 2C ) and phenolic groups (LK 2P ), LK 2 value for carboxy-phenolic groups being a weighted average of LK 2C and LK 2P (depending on the amount of carboxylic and phenolic groups constituting the multidentate sites). In the present study, the binding of Fe polymers to HA was defined to be consistent with the spectroscopic insu-00811470, version 1 -10 Apr 2013
ACCEPTED MANUSCRIPT
11 results of Vilgé-Ritter et al. (1999) , Gustafsson et al. (2007) and Karlsson and Persson (2010) .
A preliminary sensitivity study showed that the best fit was achieved by introducing Fe trimers in the calculations (i.e. Fe 3 O 2 5+ ). Chemical reactions were written as follow in PHREEQC/Model VI:
where HA-S -n represents one HA site (mono-, bi-or tridentate). To calculate the formation constants, the Model VI relationship between parameters was used.
An electrical double layer, where only counter-ions can accumulate, is also defined in the model. The double layer thickness is set by the Debye-Hückel parameter  = (3.29 x 10 9 x I 1/2 ) -1 (Appelo and Postma, 2005) . The distribution of ions between the diffuse layer and the bulk solution is calculated by a simple Donnan model. The intrinsic equilibrium constants are corrected by the Boltzmann factor that depends on the HA surface area, which was determined to be equal to 19000 and 15000 m²/g at an ionic strength of 0.01 and 0.7 M, respectively (Marsac et al., 2011) .
Errors between the experiments and simulations were quantified by the root mean square error of the regression (RMSE), i.e. the sum of the squares of the differences between the observed and calculated log , where  is the amount of REE bound to HA per gram of dissolved organic carbon (DOC). The goodness-of-fit measure was considered to be of good quality if two conditions were fulfilled: (i) the total RMSE calculated from the whole experimental conditions and REE must be low, and (ii) the RMSE values calculated for the fourteen REE must be sufficiently close to each other. insu-00811470, version 1 -10 Apr 2013
Results
Primary consideration from modeling
Under the present experimental conditions, PHREEQC/Model VI calculations show that at pH 3, REE are mainly bound to carboxylic sites and to the few strong multidentate sites, whereas at pH 6, REE are partitioned between the carboxylic and phenolic sites that encompass both carboxy-phenolic and phenolic sites. Figure 2 illustrates the quantitative distribution of the REE among the different HA sites under both pH conditions. At pH 3, up to 97% of La is bound to carboxylic sites compared to 50% for Lu . The remaining 50% of Lu is complexed to strong multidentate sites (which can be carboxylic, phenolic or carboxyphenolic). At pH 6, more REE are bound to HA because of the lower competition of protons.
Because the REE concentrations are higher than the number of strong multidentate sites, the strong multidentate sites can be neglected in the REE repartition description. Part of the phenolic sites are deprotonated and are thus more active for REE binding. Seventy percent of the Lu was, therefore, bound to phenolic sites. At pH 6, La remained essentially bound to carboxylic sites (ca. 80%). According to the experimental conditions and modeling calculations (Figure 1) A C C E P T E D M A N U S C R I P T can reasonably be neglected at our experimental conditions.
Experimental results
The percentage of Eu bound to HA at [Fe] = 0 and 10 µM is displayed in Figure 3 (Fig. 4) .
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14 At pH = 6, Fe has thus equivalent affinity for HA carboxylic and phenolic sites than LREE and HREE.
Data modeling
Recent spectroscopic data has suggested that the amount of poly-Fe-HA complexes could be important at high Fe/HA conditions (Vilgé-Ritter et al., 1999; Gustafsson et al., 2007; Karlsson and Persson, 2010 were set equal to 0, because no stronger competition effect of Fe on HREE compared with LREE was observed in the experiments carried out at pH > 4.5 (see Figure 3) . The Fe(OH) 3 log K S value was determined to equal 5.4, which is higher than the solubility of fresh ferrihydrite (i.e. 5). However, such a high value (log K s = 5.7) was already calculated for the 
Discussion
Modeling Fe-HA interaction
A major aim of the present study is to use modeling to study HA-Fe binding and the Only a slight fit improvement is obtained for Fe-HA binding datasets when Fe polymer was taken into account. Obviously, the relevance of introducing Fe polymers was not statistically justified. However, the complexation of polynuclear Fe species to HA might be an important mechanism because it might be considered as a first step to understand the formation of mixed Fe-organic matter colloids (e.g. Allard et al., 2004; Pédrot et al. 2012) . Therefore, more quantitative experimental and spectroscopic Fe binding to HA studies are required to improve the model.
Comparison between Al and Fe competitive effect on REE-HA binding
The competition between REE and Al for HA binding was previously studied by Marsac et al., (2012 Stability Constant Database). At pH = 6, Al has a stronger competitive effect on REE-HA binding than Fe, because the solubility of poorly-crystalline hydroxides for Al (log K s = 9) is higher than for Fe (log K s = 5). Therefore, at pH = 6 in the Al-system, there is a higher amount of REE competitive ions than in the Fe-system. Moreover, at pH=6, AlOH 2+ and FeOH 2+ are the dominant species. The species show a contrasting HA binding behavior: AlOH 2+ is a stronger competitor for LREE-than for HREE, whereas Fe shows the same competition effect for LREE and HREE. Aluminum thus has a higher affinity for HA carboxylic and phenolic groups than LREE and HREE, whereas it is equal for Fe. These findings are of particular importance in aquatic geochemistry because it shows that both insu-00811470, version 1 -10 Apr 2013
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18 elements can have contrasting effects on trace metals speciation in natural organic-rich waters. They also confirm that REE can be used as a reliable probe of cation-HA binding mechanisms.
Impact of Fe and Al competition on REE patterns in natural organic-rich waters
Humic substances control REE speciation in natural, organic-rich waters (Bidoglio et al., 1991; Takahashi et al., 1997; Viers et al., 1997; Dia et al., 2000; Johannesson et al., 2004; Gruau et al., 2004; Davranche et al., 2005; Pourret et al., 2007a; Pédrot et al., 2008 Ultimately, pH appears to be the key factor because the pH controls both the metal loading and the nature of Al and Fe species bound to HA.
Because experimental conditions are often quite different from natural conditions, it seemed important to test the impact of the above three factors on solutions similar to natural waters.
For this purpose, we used the World Average River Water (Table 11 in Tang 1) Without Al and Fe (Fig. 7a) , the log K d REE-HA patterns show a systematic increase from La to Lu, whatever the pH. This continuous enrichment is a direct consequence of the low metal loading imposed by the low REE concentrations.
2) With both Al and Fe (Fig. 7b) At pH 7 and 8, the log K d REE-HA patterns still increase from La to Lu. Figure 7 , the patterns of the REECO 3 + and REE(CO3) 2 -stability constants (log  n REECO3 , n = 1 or 2; Luo and Byrne, 2004) normalized to La are also reported. Note for the following discussion that the log K d REE-HA patterns present a relative increase in HREE comparable to log  n REECO3 between pH 7 and 8. A C C E P T E D M A N U S C R I P T
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(La/Yb) UCC < 1. This REE distribution pattern variation is often regarded as a REE speciation evolution. The MREE enriched patterns should correspond to waters in which REE are bound to DOM. By contrast, the HREE enriched patterns should correspond to waters in which REE are bound to carbonates (Elderfield et al., 1990; Tang and Johannesson, 2010) . However, this REE pattern variation seems to be more akin to a continuous rather than a discontinuous phenomenon because the existence of two well-defined groups is not observed. Numerous 
Conclusion
Experiments were performed to investigate the competitive effect of Fe on REE binding to HA and, in turn, to identify the HA sites and the mechanisms involved in the Fe-HA binding. However, regarding the increasing complexity of the model with the introduction of additional Fe species binding to HA, this new mechanism was not statistically significant.
To conclude, the present study provides fundamental knowledge on the Fe-REE competition mechanisms for HA binding and demonstrates that Fe can modify the REE-HA binding pattern. In turn, the ability of the REE to be used as a "speciation probe" to describe cation interactions with HA is verified once again, as previously shown for Al (Marsac et al., 2012 ).
An alternative explanation for the variability in the REE patterns observed in natural, organicrich waters is also provided. So far, this variability has been regarded as being due to a REE speciation evolution, with the involvement of carbonate species at circumneutral to slightly alkaline waters. The present results combined with the previous data of Sonke and Salters 
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Table with the experimental data presented in this article can be found in the online version.
A C C E P T E D M A N U S C R I P T (Liu and Millero, 1998) , (c) Fe(III) solubility in 0.7M NaCl solution at constant HA concentrations (0 and 0.6 mg L -1 ) and variable pH (Liu and Millero, 1998) . Simulations were performed with and without the binding of the Fe trimer to HA in the calculation. 
